The Drosophila melanogaster Chd3 gene encodes a member of the CHD group of SNF2/RAD54 ATPases. CHD proteins are conserved from yeast to man and many are subunits of chromatin-remodeling complexes that facilitate transcription. Drosophila CHD3 proteins are not found in protein complexes, but as monomers that remodel chromatin in vitro. CHD3 co-localize with elongating RNA polymerase II on salivary gland polytene chromosomes. Since the role of Chd3 in development was unknown, we isolated and characterized the essential genes within the 640 kb region of the third chromosome (polytene chromosome region 76B-D) that includes Chd3. We recovered mutations in 24 genes that are essential for zygotic viability. We found that transposoninsertion mutants for 46% of the essential genes are included in the Drosophila Gene Disruption Project collection. None of the essential genes that we identified are in a 200 kb region that includes Chd3. We generated a deletion of Chd3 by targeted-genereplacement. This deletion had no effect on either viability or fertility.
INTRODUCTION
The SNF2/RAD54 family proteins are components of ATP-dependent chromatinremodeling complexes involved in transcription and/or DNA repair (EISEN 1995; POLLARD and PETERSON 1998) . Within the SNF2/RAD54 family, the CHD (chromodomain-helicase-DNA-binding) group all contain CHROMO (chromatin organization modifier) domains, which interact with methylated lysines in the N-terminal tails of histones (NIELSEN et al. 2002; JACOBS and KHORASANIZADEH 2002) . The 4 CHD group can be further divided into at least three classes based on the presence or absence of two other protein domains. The CHD1 class proteins have only the SNF2/RAD54 ATPase domain and CHROMO domains. The sole CHD group protein in Saccharomyces cerevisiae is a CHD1 class protein (Sc CHD1) that is not essential for viability (WOODAGE et al. 1997) . In addition to the SNF2/RAD54 and CHROMO domains, the KISMET class proteins also have a BRK (brahma and kismet) domain, while the MI-2 (or CHD3/CHD4) class proteins have one or more PHD (plant homeo domain) zinc fingers near the amino-terminus. Drosophila melanogaster has a single CHD1 class gene, Chd1. While zygotically-expressed Chd1 is not required for viability, maternally-encoded Chd1 gene products are required for early embryogenesis (i.e., Chd1 mutants are female-sterile) (KONEV et al. 2007; MCDANIEL et al. 2008) . The sole KISMET class gene in D. melanogaster, kismet, is required for zygotic viability and the function of homeotic genes (DAUBRESSE et al. 1999) . Mi-2 and Chd3, the two MI-2 class genes in D. melanogaster, are both within the Df(3L)kto2 region of the genome.
Mi-2 is required for zygotic viability (KEHLE et al. 1998) . The expression of Chd3 has been shown to be developmentally regulated (MURAWSKA et al. 2008) , and CHD3 proteins co-localize with elongating RNA polymerase II on Drosophila salivary gland polytene chromosomes (MURAWSKA et al. 2008) . What is the role of Chd3 in development? As part of a genetic investigation of the chromosomal region that spans polytene chromosomal bands 76B1 to 76D5, we have identified 24 essential genes around Chd3. Since Chd3 was not among the essential genes that we identified, we generated a targeted-gene-replacement allele of Chd3. Deletion of the majority of the open reading frame of Chd3 had no effects on either viability or fertility.
MATERIALS AND METHODS
Flies were raised on a yeast/cornmeal/molasses/Tegosept medium at 25 o . All mutations and chromosome aberrations are described in LINDSLEY and ZIMM (1992) or Flybase (http://flybase.org/) except Df(3L) A23, Df(3L) XS917, and Df(3L) kto22.
Df(3L)A23
and Df(3L)XS917 were generated in the laboratories of David Stein and Gerry Rubin, respectively, and provided by Jürg Müller. We recovered Df(3L)kto22 as a flanking deletion from P{lacW}trc S066917a . Putative deletions were detected by a change in eye color after crossing to the balancer TMS (which carries a transposon that expresses the P transposase). Because the P{lacW} transposon is still present in Df(3L)kto22, we used inverse PCR (HUANG et al. 2000) to determine the molecular endpoints of the deletion, which spans from the site of insertion of P{lacW}trc S066917a to midway between the 3' ends of Papss and Rab8.
Males were fed ethylmethane sulfonate (EMS) as described (LEWIS and BACHER 1968; KENNISON 1983) . The mutagenized males were mated to virgin females and discarded after four days; the inseminated females were returned to new cultures for subsequent brooding. Mutagenized males were homozygous for either an unmarked chromosome from the iso-1 strain (BRIZUELA et al. 1994 We used another approach to try and tag additional genes in this region with Pelement insertions. During P element transposition, it has been reported that new insertion sites are more frequent than expected near the original insertion site (TOWER et al. 1993; SPRADLING 1993, 1994; TOWER and KURAPATI 1994; MATSUBAYASHI and YAMAMOTO 1998) . This is referred to as local P element transposition. We hoped that this would be useful in isolating additional lethal P insertion mutations in this region of the genome. We should point out that this is different from the generation of flanking deletions by exposure of a P transposon insertion to P-element-transposase, which is also sometimes referred to as local P element transposition. In order to minimize the number of flanking deletions recovered, we started with P{lacW}Mi-2 j3D4 Su(Tpl) j3D4 , which is located in the first introns of both the genes. This insertion mutant completely fails to complement Mi-2 alleles, but complements Su(Tpl) alleles well (at least 80% of the expected flies eclose).
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We selected new P{lacW} insertions that complement Mi-2. The crossing scheme is shown in Figure 1 .
To construct the vector for targeted gene replacement, we started with the "endsout" arm-GFP vector constructed for the mre11 gene replacement (MIN et al. 2005) . For the downstream flanking DNA fragment, we used the primers 5'-TACGGCACTAGTCGACGAGTGTAATTGACTCC-3' and 5'-CATCCACAATGATAGTCTAGGTAGC-3' to PCR amplify a genomic fragment. We cut the PCR product with SpeI, and cloned the resulting 3.4 kb fragment into the SpeI site in the arm-GFP vector. For the upstream flanking DNA, we used the primers 5'-TGACTCGGTACCGACTGTTGACGGTCTTGCCGCTG-3' and 5'-CGTAGCTGGTCAGCATTACG-3' to PCR amplify a genomic fragment. We cut the PCR product with KpnI and HindIII, and cloned the resulting 2.2 kb fragment into the KpnI HindIII sites in the arm-GFP vector. A KpnI NotI fragment with both flanking DNA fragments and the arm-GFP fragment was cloned into pW30 (GONG and GOLIC 2003) . This construct was co-injected with P transposase into white mutant embryos and stable transformants were selected using the mini-white marker in pW30. The targeted replacement was generated and selected as a GFP-positive embryo as described (MIN et al. 2005) . The targeted replacement was verified by the failure to amplify by PCR Chd3 genomic sequences in Chd3 1 homozygotes, using the primers CHD3-2 (5'-GGCGATTGGATCTGCCCGCG-3'), CHD3-5 (5'-TCTCTGTGGACGCAGCCTTTC-3'), CHD3-6 (5'-CGGATGTATTGAAGAGCATGC-3'), CHD3-7 (5'-ATCACAGGGTCCTTTTATTC-3'), CHD3-9 (5'-CGAGGAGCATGATGACTACAA-3'), CHD3-10 (5'-CTCTTCGTTTTGTCATTTGTC-3'), CHD3-11 (5'-8 GTACCCAATGGCGGTTATTCC-3'), CHD3-12 (5'-CCCAAGACTCCTTCTCTTCA-3'), and CHD3-19 (5'-CTATGATTGATAACCCGCTGG-3').
For the evolutionary comparisons, phylograms and cladograms were generated using the ClusalW2, TreeView32, and TreeViewX programs. Figure 4 that overlap Df(3L)kto2 to differing extents.
Thirteen of the deletions (those indicated by the red bars in Figure 4 ) have molecularlydefined breakpoints, which are useful in integrating the genetic and molecular maps.
We also tested all of the putative lethal transposon insertion mutants in this 640 kb region that the Drosophila Gene Disruption Project has made available from the Bloomington Drosophila Stock center. These transposon insertion mutants are listed in Table 2 , and include P (P), piggyBac (PBac), and Minos (Mi) transposable element insertions. Four of the transposon insertion mutants complement Df(3L)kto2 for viability and fertility, indicating that the lethality of the insertion chromosome is not due to disruption of the associated gene. The remaining 19 transposon insertion mutants fail to complement one or more of our complementation groups. The complementation groups that failed to complement each transposon insertion mutant are shown in Table 2 . For all of the transposon insertion mutants from the Drosophila Gene Disruption Project, the location from the deletion mapping coincides with the location of the transposon insertion. Eleven of our 24 complementation groups (46%) were represented by transposon insertion mutants from the Drosophila Gene Disruption Project. This is only slightly higher than the 40% frequency reported by the Gene Disruption Project for the entire autosomal collection six years ago (BELLEN et al. 2004) . We used this information to assign nine of our complementation groups in Table 1 to molecularlyidentified genes. Because of the overlapping nature of the Mi-2 and Su(Tpl) transcription units, the locations of the transposon insertion mutants were insufficient to comfortably assign the l(3)76BDe and l(3)76BDs complementation groups.
Since more than half of the essential genes in this region were not represented in the Drosophila Gene Disruption Project collection, we wanted to isolate additional Ptransposon insertion mutants within this region of the genome in order to correlate more of our genetic complementation groups with molecularly-identified genes. We chose to use local P transposition to isolate additional lethal transposon mutations within (DORER and HENIKOFF 1994) . We characterized 18 of the local transpositions by inverse PCR. The original P{lacW} insertion appeared to be present in all 18. We characterized six of these chromosomes in more detail. We could not detect any changes in the flanking DNA on either side of the original P{lacW} insertion and inverse PCR gave multiple bands for most of the local transpositions.
Sequencing of the PCR products showed that one product from each transposition was usually from the original insertion, and the additional bands were from insertions of multiple P{lacW} elements into the original P{lacW} insertion. Repeat-induced silencing caused by the insertion of multiple P{lacW} elements appears to restore at least some function for the Mi-2 gene, while reducing function of the Su(Tpl) gene. The Su(Tpl) transcription unit is entirely within the first large intron of the Mi-2 transcription unit (and transcribed from the same DNA strand). Both genes are ubiquitously expressed during embryogenesis. The ability of repeat-induced silencing of a transposon insertion to alter function of both genes in opposite ways is intriguing. However, the important point for this study is the failure of local transposition to identify any new insertion mutants in the surrounding genes in the region. As in the original studies (TOWER et al. 1993; ZHANG and SPRADLING 1993) , the vast majority of local transpositions are within the original P transposon insertion. While these data do not help to identify additional transcription units with essential functions within this genomic region, they do suggest that local transposition does not occur at a sufficiently high frequency to make it a useful practical approach to tagging new genes.
In another approach to correlate transcription units with our complementation groups, we crossed our new mutants to mutants in previously-identified genes. We assigned four of the complementation groups [l(3)76BDb, l (3) respectively. In addition, mutant alleles from six of our complementation groups were sequenced in earlier reports by ourselves and others [l(3)76BDa (GENG et al. 2000) ,
( MOSHKIN et al. 2002) , l(3)76BDs (EISSENBERG et al. 2002) , and l(3)76BDv (VERAKSA et al. 2002) ] and assigned to the transcription units listed in Table 1 .
Finally, HLH106 has been reported to be essential (HORN et al. 2003 ), but we were unable to obtain the original allele to test for complementation with our mutants. Our data from the deficiency mapping suggested that l(3)76BDw was the best candidate. We sequenced the HLH106 gene from three alleles of our l(3)76BDw complementation group. All three alleles were isolated on the red 1 e 4 chromosome, which differs from the iso-1 sequence at amino acid 224 (F in iso-1 and L in the red 1 e 4 marked chromosome).
In addition, all three mutant alleles have single GC to AT base-pair transitions that Chd3 is essential for zygotic viability and that we had failed to isolate mutant alleles by chance. It was also possible that Chd3 is not required for zygotic viability, but is required for fertility of males and/or females. We decided to use ends-out, or replacement, gene targeting techniques (GONG and GOLIC 2003; MIN et al. 2005) to make a deletion of most of the Chd3 open reading frame. The scheme for generating the targeted deletion is shown in Figure 5 . Although the CG33062 gene model has been withdrawn by the Flybase Genome Annotators (http://flybase.org/reports/FBgn0053062.html), at the time that we designed our targeted deletion, the close proximity of the CG33062 and Chd3 transcription start sites was a concern. Another factor that influenced the design of our deletion was the presence of several HindIII restriction sites in close proximity (HindIII is one of the restriction sites in the vector into which DNA flanking the targeted deletion is inserted). To avoid possible effects on transcription of CG33062, we decided to leave Figure 5B ). We examined transcript levels of the remaining 5' region of There are several features of the 76B-D genomic region that we believe merit discussion. The first feature is the presence of a 31.4 kb tandem duplication (present at the left of Figure 3C ) that involves three transcription units. Two of the transcription units are completely duplicated (trpml/CG42638 and CG42529/CG14101). Only the coding exons of the third gene (CG42636/CG42637, also known as Gyc76C) are duplicated, with several 5' non-coding exons proximal to, and outside of, the tandem duplication. The duplication is flanked by Doc transposable elements. Tandem duplications appear to be generated during meiosis at appreciable frequencies (GREEN 1959 (GREEN , 1961 GELBART and CHOVNICK 1979) . One mechanism for the generation of tandem duplications is the unequal exchange between different insertions of the same 15 transposable element (GOLDBERG et al. 1983) . In the present example, unequal exchange between the Doc transposable elements could have generated the duplication in the sequenced iso-1 strain. We isolated EMS-induced mutants for both trpml and Gyc76C in the red 1 e 4 strain, which would be unlikely if the coding regions of both genes are duplicated in this strain. It is possible that the duplication is present only in the iso-1 strain. To test for the presence of this tandem duplication, we designed primers flanking each of the Doc transposable elements in the genomic sequence and used them for PCR analysis. Each of these primers was about 200 base pairs from the ends of the Doc elements. The locations of these primers are shown in Figure 3C . We confirmed the presence of the distal and proximal Doc insertions in the iso-1 strain. These Doc insertions were not present in any of the other strains that we examined (Oregon R, Canton S, and the red 1 e 4 strain in which our mutants were induced). We were unable to confirm the presence of the middle Doc element that forms the junction between the two duplicated segments in our copy of the iso-1 strain, even though the primers that should amplify this middle element are two of the same primers that were used to amplify the distal and proximal Doc elements under the same PCR conditions. Thus, we believe that this duplication arose after we constructed the iso-1 strain in 1986, but before the BAC and WGS genomic libraries were made in 1998 and 1999, respectively (CELNIKER et al. 2002) . Another polymorphic tandem duplication of more than 30 kb was found by the Drosophila Genome Project in the iso-1 strain (CELNIKER et al. 2002) . This duplication is flanked by hobo and cruiser transposable elements. Polymorphic duplications are common in human populations and may be a significant cause of human disease (IAFRATE et al. 2004; SEBAT et al. 2004; DE SMITH et al. 2008 ; WAIN et al.
2009; STANKIEWICZ and LUPSKI 2010).
There are also several genes in this 640 kb region of the genome that appear to have arisen by tandem gene duplication before the divergence of the Drosophila genus.
Approximately 40 kb proximal to Chd3 there is a cluster of three adjacent genes (CG9449, CG9451, and CG9452) that encode predicted acid phosphatases of about 400 amino acids each. These three putative acid phosphatases are more related to each other (about 50% identical over the entire length) than to any other proteins in the genome.
This cluster is conserved among all of the Drosophila species that we examined, however, we were unable to identify a homolog in the more distantly-related dipteran, the mosquito Anopheles gambiae. Just proximal to the acid phosphatase cluster is another cluster of genes related to cuticular proteins. Only the first two genes (Cpr76Ba and Figure 7A ). Mi-2 and Chd3 can be easily distinguished, as the MI-2 protein is almost twice the size of the CHD3 protein.
Mi-2 has also been more highly conserved during evolution of the genus Drosophila ( Figure 7B ).
It has been suggested that Chd3 originated as a duplication in the melanogaster subgroup from the integration of a truncated, reverse-transcribed Mi-2 mRNA, based on the lack of introns in Chd3 (MURAWSKA et al. 2008) . We would point out that the homology between Mi-2 and Chd3 in the melanogaster subgroup is entirely within a single exon of the Mi-2 genes. Thus, regardless of the mechanism of gene duplication, Chd3 would be expected to lack introns. The phylogram of MI-2 and CHD3 proteins in the genus Drosophila ( Figure 7B ) does not fit the proposal that Chd3 arose only in the melanogaster subgroup, but suggests that the original duplication occurred much earlier and might have been present in all of the Sophophora, with subsequent deletion in some species. Chd3 is within the OAK cluster of related genes. Unequal recombination between OAK cluster genes that flank Chd3 would delete Chd3 (GREEN 1959 (GREEN , 1961 GOLDBERG et al. 1983) . Unequal recombination would also help to explain the concerted evolution of the OAK cluster genes (WILLIAMS et al. 1989) . The transcription unit just distal to Chd3, CG33062, is found in all of the Sophophora, but not in the Orosophora, suggesting that it might have arisen during the same event that generated Chd3. Another of the SNF2/RAD54 related genes shown in Figure 2 , the lodestar (lds) gene, also appears to be duplicated in the Sophophora ( Figure 7A and 7C).
The duplicated gene, CG10445, is adjacent to lds in all species except D. willistoni, with lds and CG10445 divergently transcribed.
While there are large differences in gene mutability in D. melanogaster (LEFEVRE and WATKINS 1986) , the basis has not been clear. There are several factors that could contribute, such as differing lengths of transcription units, differing lengths of proteins, and differing degrees in the ability of proteins to tolerate single amino acid changes and still retain function. We have identified the transcription units for 19 of our essential complementation groups, and since the mutations in Table 1 were all selected in the same sets of experiments, we can use the numbers of alleles for each of the 19 complementation groups to assess the role of various parameters in causing differences in gene mutability. Of the parameters above, we find that the best correlations are between mutability and length of protein products. Figure 8 shows comparisons of EMSmutability with both the numbers of core amino acids (those present in all protein isoforms for a given gene) and with the numbers of evolutionarily-conserved core amino 20 acids. With the exceptions of serp and trpml, which are more mutable than expected, and CG32210, which is less mutable than expected, the correlations are striking. From the linear regressions, we would estimate that we have isolated an average of one mutation for every 123 core amino acids, or one mutation for every 73 evolutionarily-conserved core amino acids.
Another important conclusion from the work presented here is that the Drosophila Gene Disruption Project has been very successful in producing mutants for almost half of the transcription units, but that additional methods will be necessary to generate mutants for the other half of the transcription units. The more traditional approach that we have presented here, i.e., to saturate specific regions of the genome with radiation or chemically-induced mutations, can identify the essential functions, but is not very effective in identifying mutations in nonessential genes. While targeted-genereplacement (RONG and GOLIC 2000) can be used for any gene regardless of function, it is currently not efficient enough for large scale production of mutants. KOUNDAKJIAN et al. (2004) described a very powerful approach that could be used to identify both essential and nonessential genes. They produced a large number of stocks with highly-mutagenized autosomes. Even heterozygotes from such a collection could be screened for mutations in specific genes using high-throughput methods, such as TILLING (Targeting Induced Local Lesions IN Genomes) (MCCALLUM et al. 2000) .
Another approach is the generation of stocks with transgenes for conditional RNA interference (DIETZL et al. 2007; NI et al. 2008 
